1

& Enrique Rodriguez-Boulan
1,2
Clathrin-coated vesicles are vehicles for intracellular trafficking in all nucleated cells, from yeasts to humans. Many studies have demonstrated their essential roles in endocytosis and cellular signalling processes at the plasma membrane. By contrast, very few of their non-endocytic trafficking roles are known, the best characterized being the transport of hydrolases from the Golgi complex to the lysosome. Here we show that clathrin is required for polarity of the basolateral plasma membrane proteins in the epithelial cell line MDCK. Clathrin knockdown depolarized most basolateral proteins, by interfering with their biosynthetic delivery and recycling, but did not affect the polarity of apical proteins. Quantitative live imaging showed that chronic and acute clathrin knockdown selectively slowed down the exit of basolateral proteins from the Golgi complex, and promoted their mis-sorting into apical carrier vesicles. Our results demonstrate a broad requirement for clathrin in basolateral protein trafficking in epithelial cells.
Epithelial cells require a polarized distribution of their plasma membrane (PM) proteins to perform a variety of vectorial functions in absorption and secretion [1] [2] [3] . Generation of polarity requires mechanisms to sort the PM proteins into apical and basolateral domains, separated by tight junctions. Sorting is directed by sorting signals in the PM protein. Basolateral sorting signals are distinct determinants in the cytoplasmic domain; in some cases they resemble tyrosine and dileucine motifs similar to those used at the cell surface for clathrinmediated receptor endocytosis [4] [5] [6] [7] . An epithelial-specific adaptor, AP1B 8, 9 , localizes to recycling endosomes and mediates biosynthetic and/or post-endocytic sorting of basolateral PM proteins with tyrosine motifs (for example vesicular stomatitis virus (VSV) G protein (VSVG) and low-density lipoprotein receptor (LDLR)) and non-tyrosine motifs (for example transferrin receptor (TfR)) [10] [11] [12] . AP1B is a tetrameric adaptor with clathrin-interacting domains in its c subunit that co-localizes with clathrin-coated vesicles near the Golgi 13 . All of the above is compatible with a possible function of clathrin in the biosynthetic sorting and recycling of PM proteins. Indeed, an early cell-fractionation study detected a newly synthesized PM protein in clathrin-coated vesicles 14 . However, a requirement for clathrin in the biosynthetic route of PM proteins has never been shown. Acute crosslinking experiments failed to detect the involvement of clathrin in recycling of TfR to the PM of non-polarized cells 15 , although more recent in vitro reconstitution experiments 16 and an RNA-mediated interference (RNAi) study 17 support the involvement of clathrin in non-polarized PM protein recycling. Here we study the involvement of clathrin in PM protein trafficking in polarized MDCK cells by using RNAi and crosslinking approaches to suppress clathrin expression or function, together with a battery of biochemical and live-imaging trafficking assays. Our experiments demonstrate a fundamental role of clathrin in PM protein transport to the basolateral membrane.
Knockdown of clathrin heavy chain in MDCK cells
In the epithelial cell line MDCK, as in other nucleated cells, clathrin localizes prominently to the Golgi region (Fig. 1a) . Treatment of MDCK cells with two consecutive cycles (three days each) of siRNA against clathrin heavy chain (CHC) drastically decreased clathrin immunofluorescence in both perinuclear and PM pools (Fig. 1a) . The Golgi apparatus had an overall normal shape and localization in clathrin-depleted cells. Western blot analysis (Fig. 1b) showed that the treatment depleted CHC (more than 90%) and clathrin light chains (CLCb, 45%; CLCa, 72%), the latter as a result of decreased stability on depletion of CHC, relative to control MDCK cells treated with siRNA against luciferase, as shown previously in non-polarized cells 18, 19 . Clathrin-depleted MDCK cells grew more slowly than control cells (not shown), as reported previously for fibroblastic cells 20 . Clathrin depletion slowed the exit of the lysosomal hydrolase cathepsin D from the trans-Golgi network (TGN), as indicated by a delay in the processing of its TGN precursor procathepsin D (51 kDa) to endosomal (48 kDa) and lysosomal (34 kDa) forms of the enzyme 21 ( Fig. 1c, d ). Thus, clathrin depletion by siRNA was effective in abrogating the best-known non-endocytic trafficking function of clathrin, namely lysosomal hydrolase transport, in MDCK cells.
The development of epithelial polarity and most of our polarity assays depend crucially on the assembly of functional tight junctions and adherent junctions, which separate apical and basolateral PM domains 2, 22 . Clathrin depletion did not prevent the formation of functional tight junctions. After three days of plating the cells at confluence, the transepithelial electrical resistance reached similar levels, about 100 V cm 2 , in both control and clathrin-depleted cells (Fig. 2a) . The [ 3 H]inulin flux across the monolayer was similar in control and clathrin-depleted cells (Fig. 2b) . Tight junctions had a normal morphology in clathrin-depleted cells, as determined by immunostaining of the tight-junction marker ZO1 (Fig. 2c) . Par6, a polarity protein that localizes at tight junctions 23 , was also found in its normal localization in clathrin-depleted cells ( Supplementary Fig. 1 ). These experiments showed that clathrindepleted MDCK cells develop normal tight junctions after three days at confluence.
Clathrin siRNA disrupts basolateral PM polarity Next we studied the effect of clathrin depletion on the steady-state surface polarity of apical and basolateral PM markers in MDCK cells in control and clathrin-depleted MDCK cells that had been confluent for at least three days. Confocal microscopy ( Fig. 3a) and domainselective biotinylation (Fig. 3b ) demonstrated a loss of polarity of most (five out of six) basolateral PM proteins tested, covering a broad range of basolateral signals. These include TfR (tyrosine-independent signal 24 ); VSVG (tyrosine signal 25 ); E-cadherin (dileucine motif 26 ); neural cell adhesion molecule (NCAM; tyrosine-independent signal 27 ) and CD147 (single leucine plus acidic cluster signal 28 ). The polarity of Na 1 , K 1 -ATPase was not significantly affected, possibly reflecting a clathrin-independent sorting mechanism or its stabilization at the lateral PM by the ankyrin cytoskeleton Clathrin-depleted cells overexpressed basolateral PM proteins, which is consistent with clathrin's role in promoting trafficking of PM proteins to the degradative pathway 32 . However, quantification of the polarity of NCAM tagged with green fluorescent protein (GFP) in individual cells over a broad range of expression levels ( Supplementary Fig. 3 ) showed that the disruption of its basolateral polarity could not be attributed to saturation of the basolateral sorting machinery 5 . Clathrin depletion disrupted the recycling of TfR and LDLR from recycling endosomes to the basolateral membrane, as expected from the involvement of AP1B in this route 10, 12 , and promoted the incorporation of both receptors into the apical recycling (transcytotic) route (Fig. 4a) . Pulse-chase surface capture assays 11, 28 demonstrated a large delay in the delivery of newly synthesized TfR, VSVG and CD147 to the basolateral PM and mis-sorting of the proteins to the apical PM (Fig. 4b) . These experiments showed that clathrin depletion causes a specific defect in the transport and sorting of basolateral PM proteins in the biosynthetic and recycling routes. (Fig. 5a-d) . For VSVG-GFP, we used an MDCK cell line permanently expressing sialyl transferase tagged with monomeric red fluorescent protein (ST-RFP) to identify the position of the TGN and quantify the TGN-associated GFP (Fig. 5a ). Clathrin knockdown markedly decreased the exit kinetics of both basolateral PM proteins, VSVG-GFP and NCAM-GFP (t 1/2 increased from 20-25 min to 70-75 min) but not the exit kinetics of apical PM protein p75 (Fig. 5b, right panel) . VSVG-GFP remained strictly co-localized with ST-RFP in clathrin-depleted cells, suggesting that the transport block was at the TGN. In yeast, knockdown of the CHC gene may be compensated for by the overexpression of a variety of genes 34 , illustrating the marked ability of cells to develop compensatory mechanisms. We wished to test whether the apparent resistance of apical PM protein sorting to chronic clathrin depletion in MDCK cells might be due to selective compensation of clathrin function by mechanisms only available to apical proteins. To this end, we studied the effect of acutely blocking clathrin function on the exit of PM proteins from the TGN, by using a clathrin crosslinking approach previously shown to inhibit clathrinmediated receptor endocytosis of TfR in non-polarized cells 15 . In brief, we generated an MDCK cell line in which CLC tagged with FK-506 binding protein (FKBP) and a haemagglutinin antigen (F-LC) replaced most of endogenous CLC (Supplementary Fig. 4a ). Immunofluorescence showed that F-LC co-localized with CHC ( Supplementary Fig. 4b) . Addition of the membrane-permeant crosslinker of FKBP, AP20187, at 100 nM resulted in maximum clathrin clustering, as reported by a fluorescence titration assay ( Supplementary Fig. 4c, d ). Acute clathrin crosslinking did not cause a delay in the exit of apical protein p75 but caused a selective delay in the exit of basolateral proteins from the TGN, exactly as observed with chronic clathrin depletion by means of siRNA (Fig. 5c, d ). Supplementary Movie 1 documents the delayed exit of NCAM-GFP in clathrin-crosslinked cells. Thus, these clathrin knockdown experiments show that clathrin is selectively required for the exit of newly synthesized basolateral PM proteins with tyrosine-dependent (VSVG 25 ) and tyrosine-independent (NCAM 27 ) sorting signals from the TGN, but not for the exit of an apical PM protein, p75 (refs 31, 33) .
Basolateral proteins are mis-sorted into apical vesicles
The inhibitory effect of clathrin depletion on the exit of basolateral PM proteins from the Golgi apparatus could be explained by an indirect effect of the block of endocytosis and/or by the incorporation of the PM proteins into apical carrier vesicles that leave the Golgi complex with slower kinetics. To test the first hypothesis, we knocked down the PM clathrin adaptor AP2 in MDCK cells and conducted Golgi exit experiments similar to those shown in Fig. 5a-d . AP2 knockdown drastically inhibited the PM uptake of TfR but did not affect the exit of the basolateral marker NCAM-GFP from the TGN (Fig. 5e) . These experiments showed that the inhibitory effect of clathrin depletion at the Golgi is not a result of inhibited endocytosis at the PM. To test the second hypothesis, we performed high-resolution live imaging experiments. These experiments showed that clathrin depletion promoted the incorporation of NCAM-Cherry into apical carrier vesicles containing the apical marker p75-GFP (53% of these vesicles showed the presence of NCAM-Cherry, in contrast with 13% in control cells) (Fig. 5f ). Because p75-GFP leaves the Golgi complex with slower kinetics than that of NCAM (see Figs 1  and 2) , our experiments show that clathrin depletion causes missorting of basolateral proteins into a slower Golgi exit route normally used by apical proteins.
Clathrin is required for basolateral protein sorting
We have demonstrated a broad and selective requirement for clathrin in the biosynthetic sorting of basolateral PM proteins in epithelial cells. Accurate biosynthetic sorting is probably the main determinant of the polarity of basolateral PM proteins that are endocytosed slowly 
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relative to their recycling rates. Fast endocytic and recycling basolateral receptors, such as TfR and LDLR, also require clathrin in their basolateral recycling routes (Fig. 4a) , in agreement with their dependence on AP1B for basolateral recycling 10, 11 . These proteins are depolarized to a larger extent by clathrin depletion (Fig. 3) , probably as a result of their dependence on this protein in both biosynthetic and recycling routes. The clathrin requirement of TfR in its biosynthetic route (Fig. 4b) is particularly interesting, because this receptor develops an AP1B-independent biosynthetic route in MDCK cells after two days in confluent culture 11 . Our observation predicts that a clathrin adaptor different from AP1B participates in the biosynthetic sorting of this receptor.
Clathrin-coated vesicles with specificity for different cargoes are produced at the plasma membrane, Golgi apparatus and endosomes through a cooperative process that requires clathrin and about 20 adaptors [35] [36] [37] [38] [39] . Besides AP1B, only one other AP-family adaptor, AP4, has been postulated to participate in basolateral PM protein delivery 40 , but this adaptor does not seem to interact with clathrin [35] [36] [37] . Our finding that basolateral proteins that do not depend on AP1B for their basolateral polarity, for example CD147 and E-cadherin 11, 28 , require clathrin for their basolateral localization (Fig. 3a, b) , also predicts the participation of other clathrin adaptors in basolateral polarity.
METHODS SUMMARY
Cell culture. MDCK cells were maintained in DMEM medium (Cellgro) containing 10% fetal bovine serum (Gemini) at 37 uC under 5% CO 2 . For biotin polarity assays and immunostaining of polarized MDCK cells, cells were plated on Transwell polycarbonate filter supports with a pore size of 0.4 mm (Costar), and biotin assays were performed as described 11 . For microinjection experiments, MDCK cells were grown on coverslips and microinjected with the indicated cDNAs, as described previously 31, 33 . siRNA and western blot analysis. siRNA duplexes were purchased from Dharmacon. Two CHC siRNA duplexes were used: 59-UAAUCCAAUUC-GAAGACCAAU-39 (ref. 19 ) and 59-GUAUGAUGCUGCUAAACUA-39, designed with a Dharmacon program. Both oligonucleotides matched the predicted canine genome sequence of CHC. The m2 siRNA duplex was 59-GUGGAUGCCUUUCGGGUCA-39. Sequences were subjected to BLAST searches to ensure that only the desired mRNA was targeted. Luciferase-specific siRNA (Dharmacon) was used as control. siRNAs were transfected into MDCK cells by nucleofection by Amaxa electroporation, with 5 mg (375 pmol) of siRNA and 4 3 10 6 cells, in accordance with the manufacturer's instructions (Amaxa). For effective knockdown, we performed two sequential nucleofections at 72-h intervals. Cells were then plated at subconfluence or confluence, depending on the experimental design, and the experiments were performed three days after the second round of nucleofection. Cell lysates containing 20 mg of protein were analysed by 10% SDS-PAGE and immunoblotting to detect expression levels of CHC, CLC and m2. Normalization was performed with the signals obtained in parallel with antibody against b-coat protein or anti-b-catenin antibody.
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Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
